Gasoline vehicles greatly contribute importantly to urban particulate matter (PM) pollution. Gasoline direct 17 injection (GDI) engines, known as their higher fuel efficiency than that of port fuel injection (PFI) engines, have 18 been increasingly employed in new gasoline vehicles. However, the impact of this trend on air quality is still poorly 19 understood. Here, we investigated both primary emissions and secondary organic aerosol (SOA) formation from 20 GDI and PFI vehicles under urban-like condition, using combined approaches involving chassis dynamometer 21 measurement and environmental chamber simulation. The PFI vehicle emits slightly more volatile organic 22 compounds, e.g., benzene and toluene, whereas the GDI vehicle emits more particulate components, e.g., the total 23 PM, elemental carbon, primary organic aerosols and polycyclic aromatic hydrocarbons. Strikingly, a much higher 24 SOA production (by a factor of approximately 2.7) is found from the exhaust of the GDI vehicle than that of the 25 Atmos. Chem. Phys. Discuss., https://doi
and section 2.3) to characterize the primary gas-and particulate-phase pollutants. The diluted exhausts 97 produced by the CVS system were injected into an outdoor chamber, where secondary aerosol formation from 98 gasoline vehicle exhausts was simulated. This was the second dilution step of the exhausts and had a dilution factor 99 of approximately 15. A schematic illustration of the outdoor experimental setup is shown in Figure 1 . which has a lower limit of gaseous pollutants than the China Phase V Emission Standard. In addition, the different 158 driving cycles of our study and those other studies (listed in Table 3 ) might be another explanation for the difference 159 in the EFs of gaseous pollutants. 160 161 The EFs of PM, elemental carbon (EC), POA and particulate polycyclic aromatic hydrocarbons (PAHs) are 162 shown in Table 4 . The EF of PM2.5 from the GDI vehicle was about 1.4 times higher than that of the PFI vehicle. 163 Both vehicles met the China Phase V Emission Standard for PM emission (4.5 mg km -1 ). The GDI vehicle emitted 164 about 3.3 times more EC and 1.2 times more POA than the PFI vehicle. The primary carbonaceous aerosols 165 (EC+POA) accounted for 85 % and 82 % of the PM in the GDI and PFI vehicles respectively, suggesting that 166 carbonaceous aerosols were the major contributors in the PM from gasoline vehicles, especially for the GDI vehicle. 167 PAHs account for a small fraction of particulate organic matter in the atmosphere, but the molecular signature 168 of PAHs can be utilized in source identification of vehicle emissions (Kamal et al., 2015 particles in the ambient air, especially those under 100 nm. The particle number size distribution of the exhausts of 184 the GDI vehicle showed a similar pattern to that of the PFI vehicle, with a much higher number concentration that 185 is consistent with the emission of more particle mass. 186 187
Primary particle emissions

SOA formation from gasoline vehicle exhaust 188
The time-resolved concentrations of gases and particles during the chamber experiments are illustrated in 189 Figure 3 . Before removing the anti-UV shade, the initial concentrations of NOx, benzene and toluene from the PFI 190 and GDI vehicles were 80 ppb, 3 ppb, 5 ppb and 100 ppb, 4 ppb, 14 ppb respectively. 191 After the aging experiment started (t=0 in Figure 3 ), NO was formed from NO2 photolysis, and then reacted 192 with O3 to form NO2. The O3 concentration increased rapidly to a maximum within 2-3 h and then decreased via 193 reactions and dilution. Benzene and toluene decayed during the aging process at different rates. 194 New particle formation was found inside the chamber 15 minutes after the exhaust was exposed to sunlight, 195 providing substantial seeds for secondary aerosol formation. Significant growths of particles in both size and mass 196 were observed in the chamber, indicating that a large amount of secondary aerosol was formed during the 197 photochemical oxidation. The chemical compositions of the secondary aerosols were measured continuously by 198 HR-Tof-AMS. Organic was the dominant composition of the secondary aerosol, accounting for 88-95 % of the 199 total particle mass inside the chamber ( Figure S1 ), which is consistent with our previous research (Peng et al., 200 precursors. This result indicates that higher concentrations of some other SOA precursors exist in the exhaust of 222 GDI vehicles, which will be further discussed in section 3.3. 223 The results from chamber simulation of SOA formation from individual gasoline vehicles are illustrated in SOA production among these studies might be caused by several factors: the model years of vehicles 227 (corresponding to emission standards), their driving cycles, the initial concentrations of gaseous pollutants in the 228 chamber, and the NOx condition of the SOA formation in the chamber experiments. 229 To investigate the dominant contributors to ambient PM from the GDI and PFI vehicles, Figure 6 illustrates 230 the EFs of EC and POA as well as the production factors of SOA in this study. The SOA production from the GDI 231
vehicle was approximately 2.7 times higher than that from the PFI vehicle. At 5×10 6 molecular cm -3 h OH exposure, 232 the SOA/POA ratio was approximately 1. Figure 4 illustrates that the SOA production increased with 233 photochemical age rapidly (within 2×10 7 molecular cm -3 h). Thus, SOA would exceed POA at higher OH exposure, 234 e.g., the SOA/POA ratio reached about 4 at 10 7 molecular cm -3 h OH exposure, becoming the major PM contributor. 235 In terms of the POA and EC emissions as well as the SOA formation, the GDI vehicle contributed 2.2 times more 236 than the PFI vehicle. 237
Although wall-loss correction as well as particle and gas dilution corrections were considered in this study, 238 the SOA productions were still underestimated. First, the concentration of aerosols in the ambient air in Beijing 239 was higher than that inside the chamber. Semi-volatile vapors may prefer to be partitioned into particle phase rather 240 than gas phase in ambient condition, increasing the SOA formation (Odum et al., 1996) . Second, the loss of semi-241 volatile vapors to the chamber walls was not considered in the calculation of the SOA production. Previous study 242 found that semi-volatile vapor loss could lead to the underestimation of SOA formation with a factor of 1.1-4.1 243 (Zhang et al., 2014) . Therefore, the SOA production from vehicle exhaust would be enhanced under atmospheric 244 condition. leading to lower OC/EC ratio. The considerable particle number emitted by gasoline vehicles, especially in GDI 288 vehicles exhaust, makes a significant contribution to particle number concentration as well as seeds for further 289 reactions in the atmosphere, and needs to be controlled in the future emission standards. 290 Our results show that the GDI vehicle contributes more to both primary and secondary aerosol than the PFI 291 vehicle, and has greater impact on environment and air quality. In recent years, the market share of GDI vehicles 292 exerts a continuous growth in China because they provide better fuel economy and lower CO2 emissions. In 2016, 293 GDI vehicles accounted for 25 % of China's market share, and this proportion is expected to reach 60 % by 2020 294 (Wen et al., 2016) . The PM enhancement of GDI vehicles with increasing population could potentially offset any 295 PM emission reduction benefits, including the development of gasoline emission and fuel standards and the 296 advanced engine technologies of gasoline vehicles. Therefore, our results highlight the necessity of further research 297 and regulation of GDI vehicles. Table 2 Overview of all instruments used to measure the gas and particulate phase pollutants in the experiments. wall-loss and particle dilution correction during the experiment. The red, blue, yellow and pink areas are predicted 513 SOA concentration estimated from benzene, toluene, C8 benzene and C9 benzene, respectively. The green markers 514 are the ratios of the predicted SOA to the measured SOA. 515
